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(57) ABSTRACT

According to one embodiment, an apparatus includes a pyro-
clectric crystal, a deuterated or tritiated target, an 10n source,
and a common support coupled to the pyroelectric crystal, the
deuterated or tritiated target, and the 10n source. In another
embodiment, a method includes producing a voltage of nega-
tive polarity on a surface of a deuterated or tritiated target in
response to a temperature change of a pyroelectric crystal,
pulsing a deuterium 10n source to produce a deutertum 10n
beam, accelerating the deuterium 1on beam to the deuterated
or tritiated target to produce a neutron beam, and directing the
ion beam onto the deuterated or tritiated target to make neu-
trons using a voltage of the pyroelectric crystal and/or an HGI
surrounding the pyroelectric crystal. The directionality of the
neutron beam 1s controlled by changing the accelerating volt-
age ol the system. Other apparatuses and methods are pre-
sented as well.
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NEUTRON INTERROGATION SYSTEMS
USING PYROELECTRIC CRYSTALS AND
METHODS OF PREPARATION THEREOF

RELATED APPLICATIONS

[0001] This application claims priority to provisional U.S.
application Ser. No. 61/088,310 filed on Aug. 12, 2008, which
1s herein incorporated by reference.

[0002] The United States Government has rights in this
invention pursuant to Contract No. DE-ACS32-07NA27344
between the United States Department of Energy and
Lawrence Livermore National Security, LLC for the opera-
tion of Lawrence Livermore National Laboratory.

FIELD OF THE INVENTION

[0003] The present invention relates to pyroelectric crys-
tals, and particularly, to the preparation of pyroelectric crys-
tals for use 1n neutron mterrogation systems.

BACKGROUND

[0004] The national security of the United States of
America (USA), along with many other countries around the
globe, 1s at risk of attack by nuclear and/or radioactive weap-
ons. The USA and international community need detectors to
expose these threats at the borders of the nations, airports, and
sea ports. Many ol the detectors currently being used are large
and bulky, and not acceptable to be used as portable radiation
detectors. Radiation detectors may use a gamma or neutron
source 1n order to detect 1f radioactive material 1s present in a
container, building, vehicle, etc.

[0005] Neutron interrogation techniques have specific
advantages for detection of hidden, shielded, or buried threats
over other detection modalities 1 that neutrons readily pen-
ctrate most matenals, providing backscattered gammas
indicative of the elemental composition of the potential
threat. Such techniques have broad application to military and
homeland security needs. Present neutron sources and inter-
rogation systems are expensive and relatively bulky, thereby
making widespread use of this technique impractical.

[0006] One of the concerns with explosives detection and
protection 1s that a safe distance should be maintained. Gen-
erally, 1t 1s not desirable to approach the suspected explosive.
However, to detect unknown threats remotely requires a very
strong source of neutrons. Generally, neutrons cannot be
focused like a laser onto a target. The further away from the
unknown threat, the more neutrons need to be produced
because neutrons generally spray out everywhere in an
uncontrolled fashion. It 1s quite difficult to produce enough
neutrons to mterrogate objects from a distance.

[0007] Thecrystal driven neutron source approach has been
previously demonstrated using pyroelectric crystals that gen-
crate extremely high voltages when thermal cycled. Referring
to FIG. 1, a prior art schematic diagram 1s shown of one
method of neutron iterrogation. A neutron source 102 pro-
duces a neutron flux 104, with an angular neutron flux/energy
distribution 106. The narrower this angular neutron flux/en-
ergy distribution 106 can be, the stronger the neutron beam
impacting the unidentified threat 108 can be, thereby increas-
ing the chances of detecting a harmiul threat. Prcmpt and
delayed gammas 112, x-rays, etc., are thrown oil by the
unidentified threat 108 upon contact with the neutron flux
104. These prompt and delayed gammas 112 are detected by
a Nal photon detector 114 or some other type of photon
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detector known 1n the art. Fach impacted gamma 116 1is
detected by the photon detector 114 for determining 11 there 1s
a real threat, and 11 so, what type of threat 1s the unidentified
threat 108. Several schcmcs are available for neutron-based
detection, including pulsed fast neutron analysis (PFNA)
thermal neutron analysis (TNA), associated particle imaging,
(API), etc. These schemes can 1dentify contrabands such as
explosives, drugs, radioactive material, etc., through C/N/O
ratios deduced from gammas rclcascd frcm the target for
explosives and drugs, and fission related gammas for radio-
active materials.

[0008] Many current neutron-based technologies are able
to penetrate metal walls, casings, soil, vehicles, and are able
to propagate neutrons over distance. However, current 1sotro-
pic neutron sources need significant shielding in order to
operate safely, the neutron sources are generally bulky, and
often require large associated equipment in order to be oper-
ated. Also, these neutron sources generally lack good direc-
tional focus, e.g., 1t 1s difficult to direct where the neutrons are
being sent, thereby requiring higher neutron output to be
cifective. Traditionally, portable neutron sources utilizing
conventional HV and Penning 10n sources have a character-
1stic size on the order of about 30 inches and weights of up to
about 60 pounds. The current neutron sources using pyroelec-
tric or pyrofusion neutron sources do not have on/off or puls-
ing capability of the neutron output, and run mostly steady-
state at less than about 10° D-D neutrons/second (n/s), or
equivalently, less than about 10° D-T n/s. D-D represents a
fusion reaction that can produce neutrons, with deuterium
ions onto a deuterated target. D-T represents a fusion reaction
that can produce neutrons, with deuterium 10ns onto a tritiated
target. For more information on pyroelectric properties and
elfects, see Sidney B. Lang, “Pyroelectricity: From Ancient
Curiosity to Modern Imaging Tool,” Physics Today, August
2005.

[0009] The availability of a notably more intense,
pulseable, lower weight, reduced power demanding, smaller
neutron source using pyroelectric properties would open up
new threat interrogation schemes utilizing neutron and/or
gamma spectroscopy.

SUMMARY

[0010] According to one embodiment, an apparatus
includes a pyroelectric crystal, a deuterated or tritiated target,
an 10n source, and a common support coupled to the pyro-
clectric crystal, the deuterated or tritiated target, and the 1on
source.

[0011] In another embodiment, an apparatus comprises a
pyroelectric crystal formed of a material selected from a
group consisting of: lithium tantalite, lithium niobate, and
bartum strontiate, and a pulseable deuterium 1on source
including at least one of: a cold cathode gated nanotip array,
a nanotube 10n source, and a spark source. The apparatus also
includes a deuterated or tritiated target covering at least a
portion of at least one side of the pyroelectric crystal, the
deuterated or tritiated target having an mnverted cone geom-
ctry with a focusing tip extending toward the pulseable deu-
terium 10n source and a thermal altering mechanism for
changing a temperature of the pyroelectric crystal including
at least one of: a chemical heating pack, a chemical cooling
pack, and a Peltier heater/cooler. The apparatus further
includes a high gradient insulator (HGI) surrounding the
pyroelectric crystal and the deuterated or tritiated target, and
a common support coupled to the pyroelectric crystal, the
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deuterated or tritiated target, and the pulseable deuterium 10n
source. The support includes a hollow tube having first and
second ends, and the pulseable deutertum 1on source is near
the first end, the pyroelectric crystal 1s near the second end,
and the deuterated or tritiated target 1s positioned between the
pulseable deuterium 1on source and the pyroelectric crystal.

[0012] According to another embodiment, a method for
producing a directed neutron beam comprises producing a
voltage of negative polarity of at least —100 keV on a surface
of a deuterated or tritiated target in response to a temperature
change of a pyroelectric crystal of less than about 40° C., the
pyroelectric crystal having the deuterated or tritiated target
coupled thereto, pulsing a deuterium 10n source to produce a
deutertum 10n beam, accelerating the deutertum 10n beam to
the deuterated or tritiated target to produce a neutron beam,
and directing the 1on beam onto the deuterated or tritiated
target to make neutrons using at least one of a voltage of the
pyroelectric crystal, and a high gradient insulator (HGI) sur-
rounding the pyroelectric crystal. The directionality of the
neutron beam 1s controlled by changing the accelerating volt-
age of the system.

[0013] In one embodiment, a method for producing neu-
trons comprises triggering a raising or a lowering of a tem-
perature of a pyroelectric crystal of less than about 40° C. to
produce a voltage of negative polarity of at least —100 keV on
a surface of a deuterated or tritiated target coupled thereto,
wherein a deutertum 10n source 1s pulsed to produce a deute-
rium 10n beam, the deuterium 10on beam 1s accelerated via an
accelerating voltage of the pyroelectric crystal toward the
deuterated or tritiated target to produce neutrons, and the
pyroelectric crystal, the deuterated or tritiated target, and the
deutertum 10n source are coupled to a common support. The
method also includes throwing the common support housing,

the pyroelectric crystal, the deuterated or tritiated target, and
the deuterium 10n source near an unknown threat for identi-

fication thereof.

[0014] Other aspects and embodiments of the present
invention will become apparent from the following detailed
description, which, when taken 1n conjunction with the draw-
ings, 1llustrate by way of example the principles of the mnven-
tion.

BRIEF DESCRIPTION OF THE DRAWINGS

[0015] FIG. 1 1s a schematic diagram of a prior art neutron
interrogation method.

[0016] FIG. 2A 1s a schematic diagram of an apparatus for
producing neutrons, according to one embodiment.

[0017] FIG. 2B 1s a schematic diagram of an apparatus for
producing neutrons, according to another embodiment.

[0018] FIG. 3 1s a flowchart of a method for producing
neutrons, according to one embodiment.

DETAILED DESCRIPTION

[0019] Thefollowing description 1s made for the purpose of
illustrating the general principles of the present invention and
1s not meant to limit the mventive concepts claimed herein.
Further, particular features described herein can be used 1n
combination with other described features in each of the
various possible combinations and permutations.

[0020] Unless otherwise specifically defined herein, all
terms are to be given their broadest possible interpretation
including meanings implied from the specification as well as
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meanings understood by those skilled in the art and/or as
defined 1n dictionaries, treatises, etc.

[0021] Itmustalsobenotedthat, asused in the specification
and the appended claims, the singular forms “a,” “an” and

“the” include plural referents unless otherwise specified.

[0022] As used herein, the term ““about” when combined
with a value refers to plus and minus 10% of the reference
value. For example, a temperature of about 50° C. refers to a
temperature of 50° C.+£5° C.

[0023] Inone general embodiment, an apparatus comprises
a pyroelectric crystal, a deuterated or tritiated target, an 1on
source, and a common support coupled to the pyroelectric
crystal, the deuterated or tritiated target, and the 1on source.

[0024] In another general embodiment, an apparatus com-
prises a pyroelectric crystal formed of a material selected
from a group consisting of: lithium tantalite, lithium mobate,
and bartum strontiate, and a pulseable deuterium 10n source
including at least one of: a cold cathode gated nanotip array,
a nanotube 10n source, and a spark source. The apparatus also
includes a deuterated or tritiated target covering at least a
portion of at least one side of the pyroelectric crystal, the
deuterated or tritiated target having an mnverted cone geom-
etry with a focusing tip extending toward the pulseable deu-
terium 10n source and a thermal altering mechanism for
changing a temperature of the pyroelectric crystal including
at least one of: a chemical heating pack, a chemical cooling
pack, and a Peltier heater/cooler. The apparatus further
includes a high gradient insulator (HGI) surrounding the
pyroelectric crystal and the deuterated or vitiated target, and
a common support coupled to the pyroelectric crystal, the
deuterated or tritiated target, and the pulseable deuterrum 1on
source. The support includes a hollow tube having first and
second ends, and the pulseable deuterium 1on source 1s near
the first end, the pyroelectric crystal 1s near the second end,
and the deuterated or tritiated target 1s positioned between the
pulseable deuterium 10n source and the pyroelectric crystal.

[0025] According to another general embodiment, a
method for producing a directed neutron beam comprises
producing a voltage of negative polarity of at least —100 keV
on a surface of a deuterated or tritiated target in response to a
temperature change of a pyroelectric crystal of less than about
40° C., the pyroelectric crystal having the deuterated or triti-
ated target coupled thereto, pulsing a deuterium 1on source to
produce a deuterium 1on beam, accelerating the deuterrum 1on
beam to the deuterated or tritiated target to produce a neutron
beam, and directing the 1on beam onto the deuterated or
tritiated target to make neutrons using at least one of a voltage
of the pyroelectric crystal, and a high gradient insulator (HGI)
surrounding the pyroelectric crystal. The directionality of the
neutron beam 1s controlled by changing the accelerating volt-
age of the system.

[0026] In yet another general embodiment, a method for
producing neutrons comprises triggering a raising or a low-
ering of a temperature of a pyroelectric crystal of less than
about 40° C. to produce a voltage of negative polarity of at
least =100 keV on a surface of a deuterated or tritiated target
coupled thereto, wherein a deuterium 10n source 1s pulsed to
produce a deuterium 1on beam, the deuterium 10on beam 1s
accelerated via an accelerating voltage of the pyroelectric
crystal toward the deuterated or tritiated target to produce
neutrons, and the pyroelectric crystal, the deuterated or triti-
ated target, and the deuterium 10n source are coupled to a
common support. The method also includes throwing the
common support housing the pyroelectric crystal, the deuter-
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ated or tritiated target, and the deutertum 1on source near an
unknown threat for identification thereof.

[0027] Heating and cooling of a pyroelectric crystal causes
thermal stress and polarizes the crystal structure, resulting in
surface charges. At less than about 100° C., internal neutral-
1zing currents are very small. With no emission or surface
currents, the charge 1s static. For example, LiTaO; has a
pyroelectric coefficient of 190 uC/m°K. For every 50° C.
swing, an about 3 cm 1n dimension crystal has a charge (Q) of
about 6.7 uC.

[0028] The following relationship, indicated as Equation 1,
Equation 2, and Equation 3, 1s a simple one-dimensional
model that shows voltage of up to about 200 keV for a AT of
50K and a 1 cm.x3 cm. crystal.

A A
_I_
der d,

Where V 1s the voltage, A 1s the area of the crystal surface, (O
1s the charge, d . 1s the thickness of the crystal, and d,, 1s the
distance between the charged surface of the crystal and the
equivalent ground. The voltage depends on the crystal capaci-
tance (€_,) and the vacuum capacitance (&,). The crystal
capacitance dominates this relationship, since the crystal
capacitance 1s about 46 times the vacuum capacitance.
[0029] Now referring to FIG. 2A, a pulseable pyroelectric
crystal driven neutron source (PCDNS) 200 1s shown accord-
ing to one embodiment. The PCDNS 200 includes a pyroelec-
tric crystal 202, a deuterated or tritiated target 204, an 10n
source 206, and a common support 210 coupled to the pyro-
clectric crystal 202, the deuterated or tritiated target 204, and
the 10on source 206. The common support 210 may be com-
prised of one or more parts, and may support more than the
pyroelectric crystal 202, the deuterated or tritiated target 204,
and the 10n source 206.

[0030] According to one embodiment, the pyroelectric
crystal 202 may be formed of a matenial selected from a group
consisting of: lithium tantalite, lithium niobate, and barium
strontiate. Of course, other pyroelectric crystal materials
known 1n the art may also be used. In addition, any pyroelec-
tric material capable of withstanding the temperature fluctua-
tions and stress exerted on the material 1n order to produce
high voltages on a surface may also be used 1n addition to
crystal matenals.

[0031] In some approaches, the support 210 may be a hol-
low tube having first and second ends. The 1on source 206
may be near the first end, the pyroelectric crystal 202 may be
near the second end, and the target 204 may be positioned
between the 10on source 206 and the pyroelectric crystal 202.
The support 210 may have a circular, oval, triangular, rectan-
gular, (e.g., polygonal) cross section, or may have any other
shape such that the pyroelectric crystal 202 may be thermally
cycled by an optional thermal altering mechanism 208 while
still shielding the pyroelectric crystal 202, the deuterated or
tritiated target 204, and the 1on source 206 so as not to produce
stray neutrons 216 or electrical shocks.

[0032] In more approaches, the support 210 may be a
vacuum tube maintaining at least a partial vacuum therein. In
this approach, the pyroelectric crystal 202, the deuterated or
tritiated target 204, and the 1on source 206 may be housed
within the vacuum tube, while other components of the
PCDNS 200 may be internal or external of the vacuum tube.
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[0033] According to one embodiment, the PCDNS 200
may further include an 1on accelerating mechanism (not
shown), such as a pyroelectric stack accelerator (as shown 1n
FIG. 2B), including a second thermal altering mechanism for
changing a temperature of the pyroelectric stack accelerator.
Referring again with FIG. 2A, the pyroelectric stack accel-
crator may comprise a hollow accelerating column 1n
between the target 204 and 10n source 206 made up of high
gradient msulator (HGI) and one or more pyroelectric crys-
tals providing accelerating potential for an 10on beam from the
ion source 206.

[0034] Also, according to some embodiments, the PCDNS
200 may further include a high gradient insulator (HGI) 212
surrounding the pyroelectric crystal 202, the 10on accelerating
mechanism, and the deuterated or tritiated target 204. The
HGI 212 may be comprised of alternating layers of conduc-
tors and insulators with periods less than about 1 mm. These
structures generally perform many times better (about 1.5 to
4 times higher breakdown electric field) than conventional
insulators 1n long pulse, short pulse, and alternating polarity
applications.

[0035] According to some embodiments, the 1on source
206 may be deuterated such that the 10n source 206 produces
a deuterium 1on beam 214 when pulsed, e.g., pulsed with high
voltage. In addition, 1n some preferred embodiments, the 1on
source 206 may be a pulseable 1on source comprised of at
least one of: a cold cathode gated nanotip array, a nanotube
1on source, and a spark source.

[0036] Once a negative high voltage 1s produced on the
pyrocrystal 202, which causes the deuterated or tritiated tar-
get 204 to achieve a negative high voltage on a surface of the
deuterated or tritiated target 204, an 1on beam of deuterium
that impacts this target 1s produced. The 1on source 206 pro-
duces these 10ns. (The 1ons produced by the 10on source 206
may be at low energy (e.g., less than 100 keV). The field
provided by the pyrocrystal 202 may accelerate the 1ons to at
least 100 keV. This acceleration of the 1on beam will ulti-
mately cause the neutrons 216, which are a desired effect of
the PCDNS 200, according to one embodiment.

[0037] A gated nanotip array may be described, according
to one embodiment, on a MEM scale, where sharp to very
sharp tips are produced and biased by a positive voltage,
which may be from about 100V to about 500 V. Around these
tips, a separate electrode 1s placed. These can be visualized as
little volcanoes with a metal wire protruding from the center
of the volcano’s crater. In the volcano, the tip 1s the positive
voltage, and the ring of the crater of the volcano may be at
ground. If the voltage rises high enough, the device makes
ions. If the gated nanotip array 1s 1n a deuterium atmosphere,
or 1s deuterated, the 10ns will be deuterium 1ons. I1 the gated
nanotip array 1s in a trittum atmosphere, or 1s tritiated, the 1ons
will be tritium 10ns. The gas surrounding the gated nanotip
array will 1onize and produce 1ons that may be directed mnto an
ion beam. In some cases, it 1s preferable to use the nanotip
array 1n a deuterium or tritium gas. However, 1n other embodi-
ments, the tips may be deuterated (e.g., the tips may be com-
prised of titantum, magnesium, platinum, etc., and then deu-
terated or tritiated to form a metal hydride), but the gas 1s
trapped 1n the tip and a source of electrons may iree these
ions. In other approaches, the tips are deuterated or tritiated
such that the hydrogen 1s absorbed on the surface of the tips.
Approximately 10,000 to 100,000 or more gated nanotips
may comprise an array, according to some embodiments.
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They may be formed on a common substrate or on separate
substrates, and then incorporated into the PCDNS 200.

[0038] A nanotube 1on source may be described, according
to one embodiment, as a plurality of vertically aligned nano-
tubes arranged on a mat or substrate (e.g., a nanotube array),
in which the grounded metal 1s placed above each nanotube.
A gnd (e.g., a very fine mesh) that 1s grounded may be placed
almost at the top of the nanotube array (about 45 um to about
100 um away, depending on the voltage desired), and basi-
cally the same 1onization processes that occurs with the gated
nanotip array occurs when the nanotubes are biased (either
positively or negatively), e.g., a gas becomes 1onized. The
nanotubes are generally made of carbon, possibly with some
additional components.

[0039] A spark source may be described, according to one
embodiment, as a breakdown between two electrodes. For
example, two strips may be placed parallel to one another, and
the gap between these strips determines how much voltage
may be produced. The strips may be deuterated or tritiated
titanium, magnesium, platinum, etc. If a suificient amount of
voltage 1s applied between the strips (e.g., about 2-10kV), a
spark forms between the two strips. When the spark forms,
the deuterium or trittum 1s liberated from the metal, and
subsequently becomes 1onized in the spark, thereby produc-
ing i1ons. The spark source may be operated without any
specific gas present, since the deuterium or tritium exists 1n
the metal itself. Therefore, the spark source may be operated
in a partial or nearly 1deal vacuum. The spark source may also
produce a very short pulse, 1n some embodiments about 25 ns.

[0040] According to some embodiments, the spark source
may be powered by a RLC circuit (e.g., a circuit comprising,
a resistor, an inductor, and a capacitor).

[0041] In some approaches, the thermal altering mecha-
nism 208 for changing a temperature of the pyroelectric crys-
tal 202 may be at least one of: a chemical heating pack, a
chemical cooling pack, a Peltier heater/cooler, a thermite
composition, a resistive heating element, a dielectric flmd
system, and a thermoelectric heater/cooler. Also, the altering
mechanism 208 may raise or lower a temperature of the
pyroelectric crystal 202 by about 10° C. to about 150° C. to
produce a voltage of negative polarity on a surface of the
deuterated or tritiated target 204 of at least about —100keV. In
some preferred embodiments, the thermal altering mecha-
nism 208 may raise or lower a temperature of the pyroelectric
crystal 202 by less than about 40° C. to produce a voltage of
negative polarity on a surface of the deuterated or tritiated
target 204 of at least about —100 keV.

[0042] In some more preferred embodiments, a tempera-
ture of the pyroelectric crystal 202 may be raised or lowered
by atleastabout30° C. (e.g., about 35° C., about 40° C., about
50° C., etc.), and the change 1n temperature may be deter-
mined based on a desired voltage, strength of 1on beam,
amount ol gammas produced, etc., and a characteristic of the
pyroelectric crystal to produce charge.

[0043] The deuterated or tritiated target 204, 1n some pre-
terred embodiments, may at least partially cover at least one
side of the pyroelectric crystal 202. In more embodiments, the
deuterated or tritiated target 204 may at least partially cover
the pyroelectric crystal 202 on more than one side, may be
placed directly adjacent the pyroelectric crystal 202, etc.

[0044] Insome approaches, the deuterated or tritiated target
204 may have an inverted cone geometry with a beam focus-
ing tip 218 extending toward the 10n source 206. Of course,
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any other geometry which allows the target to suificiently
focus the produced ion beam 214 may be used.

[0045] In preferred embodiments, the PCDNS 200 may
produce neutrons at a rate of about 10° D-T n/s or about 107
D-D n/s. In addition, the PCDNS 200 may weigh less than
about 10 Ib., possibly about 5 1b., and be small enough to be
held 1 a person’s hand. In some other embodiments, the
PCDNS 200 may be placed on a radio controlled vehicle
(such as an R/C model car) for positioning close to a possibly
dangerous, unknown threat, without exposing persons to a
possibility of harm.

[0046] Now referring to FIG. 2B, an apparatus 250 for
producing neutrons 216 1s shown according to one embodi-
ment. The apparatus may be 1n a shape of a hollow tube,
according to one embodiment. Of course, this tube may have
any desired cross section, such as circular, oval, rectangular,
triangular, etc. In this embodiment, the pyroelectric crystal
202 comprises a portion of a pyroelectric stack accelerator.
The pyroelectric stack accelerator comprises the pyroelectric
crystal 202 formed in a plurality of hollow portions alternat-
ing and partially shrouded with high gradient insulator (HGI)
portions 212, wherein a thermal altering mechanism 208
changes a temperature of the pyroelectric crystal(s) 202. In
this embodiment, the pyroelectric crystal 202 may accelerate
the 10ns 214 onto the target 204 to produce neutrons 216.

[0047] According to one embodiment, a compact pulseable
crystal driven neutron source (PCDNS) 1s described. This
PCDNS 1s a palm-sized neutron source capable of greater
than about 10° D-T neutrons/second (1n/s) or about 10* D-D
n/s with a weight of less than about 10 Ib. The device includes
a small (about 3-5 cm. width and depth by about 1-2 cm.
thickness) pyroelectric crystal, e.g., lithtum tantalate, which
1s covered with either a deuterated or tritiated target and 1s
thermally cycled to produced negative high voltages of
greater than about —100 kV on its surface, and a small (about
1 cm. scale) independently controlled deutertum 10n source,
such as a spark source, a nanotube source, a cold cathode
gated nanotip source, etc., which can be pulsed to produce
deuterium 1on beams that are accelerated onto the negative
HV crystal surface/target to produce neutrons. I desired, a
high gradient insulator (HGI) accelerator tube can be used to
insulate the high voltage from an external ground.

[0048] Insome embodiments, the 1on sources typically use
less than about 1 keV and about 1 W of power, both of which
can be easily provided by a compact source. The crystal can
be thermal cycled at a range of speeds (about 10 sec. to about
200 sec.) using conventional heating and/or cooling mecha-
nisms, such as chemical packs (e.g., hand warmers commer-
cially available), dielectric heaters, a thermite composition,
ctc. In some approaches, the entire apparatus may be 1n a
sealed vacuum tube, with the heating/cooling mechanisms
applied external of the vacuum tube. Alternatively, another
novel approach which provides significantly faster thermal
cycling and greater voltages 1s to quench the crystal/setup 1n
an insulating dielectric fluid, such as fluorinert. The fluid
serves as both high voltage insulation and as a thermal
exchange medium, and has thermal cycling times (indicated
as pulses) with the crystal on the order of about 1 sec to 100
SEC.

[0049] Now referring to FIG. 3, a method 300 1s shown
according to one embodiment. The method may be carried
out in any desired environment, and the description of method
300 may include any of the details and descriptions provided

for FIGS. 1-2 above.
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[0050] In operation 302, a voltage 1s produced of negative
polarity of at least —100 keV on a surface of a deuterated or
tritiated target 1n response to a temperature change of a pyro-
clectric crystal of less than about 40° C., the pyroelectric
crystal having the deuterated or tritiated target coupled
thereto.

[0051] According to some embodiments, the pyroelectric
crystal may be formed of a material selected from a group
consisting of: lithium tantalite, lithium niobate, and barium
strontiate. Of course, other pyroelectric crystals may be used
that are known 1n the art.

[0052] In some approaches, the temperature change of the
pyroelectric crystal may be at least partially caused by at least
one of: a chemical heating pack, a chemical cooling pack, a
Peltier heater/cooler, a thermite composition, a resistive heat-
ing element, a dielectric fluid system, and a thermoelectric
heater/cooler. To that end, the thermal altering mechanism
may include one or more of the foregoing.

[0053] Also, according to some embodiments, the deuter-
ated or tritiated target may cover at least a portion of at least
one side of the pyroelectric crystal. In addition, the deuterated
or tritiated target may have an inverted cone geometry with a
focusing tip extending toward the deuterium 10n source.
[0054] Inoperation 304, a deutertum 10on source 1s pulsed to
produce a deuterium 10n beam. In some approaches, the deu-
terium 1on source may include at least one of: a cold cathode
gated nanotip array, a nanotube ion source, and a spark
source, as described above 1n relation to FIGS. 2A-2B.

[0055] In operation 306, the deutertum 1on beam 1s accel-
erated toward the deuterated or tritiated target to produce a
neutron beam. According to some approaches, accelerating,
the deuterium 10on beam may be achieved by using an 10on
accelerating mechanism, which includes a pyroelectric stack
accelerator having a thermal altering mechanism for chang-
ing the temperature of the pyroelectric stack accelerator.

[0056] In operation 308, the ion beam 1s directed using a
high gradient mnsulator (HGI) surrounding the pyroelectric
crystal and the 10n accelerating pyroelectric stack accelerator,
and onto the deuterated or tritiated target to make directional
neutrons.

[0057] Another method for producing neutrons may com-
prise triggering a raising or a lowering of a temperature of a
pyroelectric crystal of less than about 40° C. to produce a
voltage of negative polarity of at least —100 keV on a surface
ol a deuterated or tritiated target coupled thereto. A deuterium
ion source may be pulsed to produce a deutertum 1on beam,
and the deuterium 1on beam may be accelerated via an 10n
accelerating pyroelectric stack accelerator toward the deuter-
ated or tritiated target to produce neutrons. Also, the pyro-
clectric crystal, the 1on accelerating pyroelectric stack accel-
erator, the deuterated or tritiated target, and the deuterium 1on
source may be coupled to a common support. The method
may further comprise throwing, placing, positioning, moving,
or otherwise providing the common support housing the
pyroelectric crystal, the 1on accelerating pyroelectric stack
accelerator, the deuterated or tritiated target, and the deute-

rium 10n source near an unknown threat tor identification
thereotf.

[0058] Many of the embodiments disclosed herein may be
usetul for providing a pulseable crystal driven neutron source
(PCDNS) that may be a compact and rugged source of fast
neutrons via D-D and D-T reactions, which could be used for
active cargo interrogation for special nuclear materials
(SNM), neutron radiography, and explosives detection, via
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various interrogation schemes such as pulse fast neutron
analysis (PFNA) or Associated Particle Imaging (API).
Because of 1ts compactness and small weight, the PCDNS
could enable new active neutron/gamma interrogation
schemes where the neutron source i1s thrown or remotely
positioned up to a target of interest, increasing significantly
the signal to background of the returned gamma signal.
[0059] Additionally, the PCDNS may be useful as a cali-
bration source, and may be employed anywhere where
extremely portable neutron sources using none or very little
battery power are required. This might entail soldiers, inspec-
tors, technicians, engineers, etc., out in the field that wish to
do active interrogation of threats or materials via neutron/
gamma spectroscopy.

[0060] While various embodiments have been described
above, 1t should be understood that they have been presented
by way of example only, and not limitation. Thus, the breadth
and scope of a preferred embodiment should not be limited by
any of the above-described exemplary embodiments, but
should be defined only 1n accordance with the following
claims and their equivalents.

What 1s claimed 1s:

1. An apparatus, comprising;

a pyroelectric crystal;

a deuterated or tritiated target;

an 1on source; and

a common support coupled to the pyroelectric crystal, the

deuterated or tritiated target, and the 10n source.

2. The apparatus of claim 1, wherein the pyroelectric crys-
tal 1s formed of a material selected from a group consisting of:
lithium tantalite, lithium niobate, and barium strontiate.

3. The apparatus of claim 1, wherein the support includes a
hollow tube having first and second ends, wherein the 1on
source 1s near the first end, the pyroelectric crystal 1s near the
second end, and the deuterated or tritiated target 1s positioned
between the 10on source and the pyroelectric crystal.

4. The apparatus of claim 3, wherein the hollow tube 1s a
vacuum tube maintaining a partial vacuum therein.

5. The apparatus of claim 1, further comprising a thermal
altering mechanism for changing a temperature of the pyro-
clectric crystal.

6. The apparatus of claim 5, wherein the thermal altering
mechanism includes at least one of: a chemical heating pack,
a chemical cooling pack, a Peltier heater/cooler, a thermite
composition, a resistive heating element, a dielectric fluid
system, and a thermoelectric heater/cooler.

7. The apparatus of claim 5, wherein the thermal altering
mechanism raises or lowers a temperature of the pyroelectric
crystal by about 10° C. to about 150° C. to produce a voltage
of negative polarity on a surface of the deuterated or tritiated
target of at least about —100 keV.

8. The apparatus of claim 5, wherein the thermal altering
mechanism raises or lowers a temperature of the pyroelectric
crystal by less than about 40° C. to produce a voltage of
negative polarity on a surface of the deuterated or tritiated
target of at least about —100 keV.

9. The apparatus of claim 1, further comprising an 1on
accelerating mechanism.

10. The apparatus of claim 9, wherein the 10n accelerating
mechanism includes a pyroelectric stack accelerator having a
second thermal altering mechanism for changing a tempera-
ture of the pyroelectric stack accelerator.

11. The apparatus of claim 10, wherein the pyroelectric
stack accelerator comprises the pyroelectric crystal formed 1n
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a plurality of hollow discs alternating and partially shrouded
with high gradient insulator (HGI) portions, wherein the sec-
ond thermal altering mechanism changes a temperature of the
pyroelectric crystal.
12. The apparatus of claim 1, further comprising a high
gradient insulator (HGI) surrounding the pyroelectric crystal,
the 10on accelerating mechanism, and the deuterated or triti-
ated target.
13. The apparatus of claim 1, wherein the 1on source 1s
deuterated such that an 1on beam 1s produced when the 10on
source 1s pulsed.
14. The apparatus of claim 13, wherein the deuterium 1on
source 1s pulseable and includes at least one of: a cold cathode
gated nanotip array, a nanotube 1on source, and a spark
source.
15. The apparatus of claim 1, wherein the deuterated or
tritiated target covers at least a portion of at least one side of
the pyroelectric crystal.
16. The apparatus of claim 15, wherein the deuterated or
tritiated target has an inverted cone geometry with a focusing,
tip extending toward the 1on source.
17. An apparatus, comprising:
a pyroelectric crystal formed of a matenial selected from a
group consisting of: lithium tantalite, lithium niobate,
and barium strontiate;
a pulseable deuterium 10n source including at least one of:
a cold cathode gated nanotip array, a nanotube 1on
source, and a spark source;
a deuterated or tritiated target covering at least a portion of
at least one side of the pyroelectric crystal, the deuter-
ated or tritiated target having an inverted cone geometry
with a focusing tip extending toward the pulseable deu-
terium 10n source;
a thermal altering mechanism for changing a temperature
of the pyroelectric crystal including at least one of: a
chemical heating pack, a chemical cooling pack, and a
Peltier heater/cooler;
a high gradient insulator (HGI) surrounding the pyroelec-
tric crystal and the deuterated or tritiated target; and
a common support coupled to the pyroelectric crystal, the
deuterated or tritiated target, and the pulseable deute-
rium 10n source,
wherein the support includes a hollow tube having first
and second ends,

wherein the pulseable deuterium 10n source 1s near the
first end, the pyroelectric crystal 1s near the second
end, and the deuterated or tritiated target 1s positioned
between the pulseable deuterium 10n source and the
pyroelectric crystal.

18. The apparatus of claim 17, wherein the thermal altering
mechanism raises or lowers a temperature of the pyroelectric
crystal by less than about 40° C. to produce a voltage of
negative polarity on a surface of the deuterated or tritiated
target of at least about —100 keV.

19. The apparatus of claim 17, wherein the hollow tube 1s
a vacuum tube maintaining a partial vacuum therein.

20. A method for producing a directed neutron beam, the
method comprising:
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producing a voltage of negative polarity of at least —100
keV on a surface of a deuterated or tritiated target in
response to a temperature change of a pyroelectric crys-
tal of less than about 40° C., the pyroelectric crystal

having the deuterated or tritiated target coupled thereto;

pulsing a deuterium 1on source to produce a deuterium 1on
beam:;
accelerating the deuterium 10n beam to the deuterated or
tritiated target to produce a neutron beam; and

directing the 1on beam onto the deuterated or tritiated target
to make neutrons using at least one of a voltage of the
pyroelectric crystal, and a high gradient insulator (HGI)
surrounding the pyroelectric crystal,

wherein the directionality of the neutron beam 1s controlled

by changing an accelerating voltage of the system.

21. The method of claim 20, wherein the pyroelectric crys-
tal 1s formed of a material selected from a group consisting of:
lithium tantalite, lithium niobate, and barium strontiate.

22. The method of claim 20, wherein accelerating the deu-
terium 10n beam 1s achieved by using an 10n accelerating
mechanism, which includes a pyroelectric stack accelerator
having a thermal altering mechanism for changing a tempera-
ture of the pyroelectric stack accelerator.

23. The method of claim 20, wherein the deuterium 1on
source mcludes at least one of: a cold cathode gated nanotip
array, a nanotube 10n source, and a spark source.

24. The method of claim 20, wherein the temperature
change of the pyroelectric crystal 1s at least partially caused
by atleast one of: a chemical heating pack, a chemical cooling
pack, a Peltier heater/cooler, a thermite composition, a resis-
tive heating element, a dielectric fluid system, and a thermo-
clectric heater/cooler.

25. The method of claim 20, wherein the deuterated or
tritiated target covers at least a portion of at least one side of
the pyroelectric crystal.

26. The method of claim 25, wherein the deuterated or
tritiated target has an 1inverted cone geometry with a focusing
tip extending toward the deuterium 1on source.

27. A method for producing neutrons, the method compris-
ng:

triggering a raising or a lowering of a temperature of a

pyroelectric crystal of less than about 40° C. to produce

a voltage ol negative polarity of at least —100 keV on a

surface of a deuterated or tritiated target coupled thereto,

wherein a deuterium 10n source 1s pulsed to produce a
deuterium 1on beam,

wherein the deutertum 1on beam 1s accelerated via an
accelerating voltage of the pyroelectric crystal toward
the deuterated or tritiated target to produce neutrons,

wherein the pyroelectric crystal, the deuterated or triti-
ated target, and the deuterium 10n source are coupled
to a common support; and

throwing the common support housing the pyroelectric

crystal, the deuterated or tritiated target, and the deute-
rium 10n source near an unknown threat for identifica-
tion thereof.
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